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Frontier Sciences, The University of Tokyo, 5-1-5 Kashi
8561, Japan.Accurate cDNA data is useful to validate gene structures in a genome. We sequenced 35189
expressed sequence tags (ESTs) obtained from the highly destructive rice blast fungus,Magnaporthe
grisea. Our custom-made computational programs mapped these ESTs on the M. grisea genome
sequence, and reconstructed gene structures as well as protein-coding regions. As a result, we pre-
dicted 4480 protein-coding sequences, which were more accurate than ab initio predictions. More-
over, cross-species comparisons suggested that our predicted proteins were nearly complete. The
cDNA clones obtained in this study will be important for further experimental studies. Our genome
annotation is available at http://www.mg.dna.affrc.go.jp/.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction several strains, and currently over 50000 ESTs are available in theRice blast disease caused by Magnaporthe grisea is one of the
most destructive diseases affecting rice production worldwide.
The economic importance of rice has led to intensive studies of rice
blast disease at the molecular level, such as the infection mecha-
nism of the fungus and disease resistance genes in rice [1–3]. Re-
cently, M. grisea has been used as a model organism to
understand plant–microbe interactions because it is traceable in
classical and molecular genetic manipulations [3]. Also, the avail-
ability of genome sequences of rice [4] and M. grisea [5] add to
M. grisea’s usefulness as a model fungal pathogen.
In 2005, the draft genome sequence of M. grisea strain 70-15
was released [5]. Genome assembly version 6, which was con-
structed by the Broad Institute, is comprised of 30 supercontigs
containing 805 contigs. In addition, expressed sequence tags (ESTs)
obtained from different types of cDNA libraries were sequenced inchemical Societies. Published by E
, open reading frame; CDS,
ciences, Graduate School of
wanoha, Kashiwa, Chiba 277-international nucleotide sequence databases (INSD), DDBJ/EMBL/
GenBank [6–8]. However, the availability of 50 end sequences of
mRNAs from ﬁlamentous fungi is currently limited. For this reason,
construction of a library enriched with long cDNAs provides useful
information for accurate identiﬁcation of M. grisea genes, and for
prediction of their roles.
In this study, we constructed a M. grisea normalized-cDNA li-
brary with a donor vector carrying loxP sites. We generated mate
pair ESTs of M. grisea cDNA clones by sequencing both 50 and 30
ends, and determined full-length protein-coding regions and their
precise exon–intron structures on the genome. Further, we discuss
the completeness of the obtained cDNA clones.
2. Materials and methods
2.1. Fungal strain and culture conditions
M. grisea strain Guy11 was used to construct a cDNA library. For
conidiation, the fungus was grown on oatmeal agar plates (3% oat-
meal, 0.5% sucrose, 2% agar) at 25 C under constant ﬂuorescent
light for 7 days. Mycelia were grown in complete medium (CM;
1% glucose, 0.1% yeast extract, 0.2% peptone, 0.1% casamino acids,
0.1% (v/v) trace elements, 0.1% (v/v) vitamin supplement, 0.6%
NaNO3, 0.05% KCl, 0.05% MgSO4, 0.15% KH2PO4, pH 6.5) or inlsevier B.V. All rights reserved.
Map to the genome,
and assemble the mapped transcripts using PASA
Magnaporthe grisea ESTs and mRNAs
Select assemblies that contain both 5’ and 3’ NIAS ESTs
derived from the same clone
Predict ORFs using homology to known proteins
Run BLASTX against SwissProt (Identity cutoff: ≥50%)
Train the ab initio gene finder with the ORFs
Predict genes on the genome contigs
Merge the predicted genes with ESTs using PASA
Complete CDSs (≥100 aa) and short ORFs (<100 aa)
Select ORFs that contain both 5’ and 3’ NIAS ESTs
derived from the same clone
Fig. 1. Procedure for expressed sequence tag (EST) assembly and open reading
frame (ORF) prediction.
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yeast extracts and casamino acids) [9]. The fungus was shaken at
150 rpm at 25 C for 4 days in CM. In previous reports, it was sug-
gested that many genes expressed during infection are induced in
nitrogen-limited conditions in M. grisea [10,11]. Therefore, the
mycelium grown in CM was transferred to CM  N, and was fur-
ther incubated for 12 h at 25 C with shaking at 150 rpm.
2.2. cDNA library construction
To construct a cDNA library, standard molecular biology proce-
dures were performed [12]. The total RNAs from Guy11 grown un-
der different conditions (conidiation, submerged culture in CM or
CM  N) were separately isolated using TRIZOL reagent (Invitro-
gen). Equal amounts of these RNAs were mixed and used to con-
struct a directional cDNA library with a pDNA-LIB vector
(Clontech) with the Creator SMARTTM cDNA Library Construction
Kit (Clontech) following the manufacturer’s instructions. The
SMART technology uses the template-switching activity of the
Moloney murine leukemia virus reverse transcriptase (MMLV-RT)
to add a primer extension step during cDNA synthesis. This gener-
ates almost full-length double-strand cDNAs [13]. The synthesized
double-strand cDNAs were normalized by the duplex-speciﬁc
nuclease (DSN) normalization method [14] before being cloned
into the pDNA-LIB vector. The pDNA-LIB vector contains two loxP
sites located at the 50 and 30 sides of the insert DNA. Inserts can
be transferred into acceptor vectors with loxP sites by Cre recombi-
nation. Inserts from 100 randomly selected colonies from the cDNA
library were ampliﬁed by PCR using vector speciﬁc primers, M13F
(50-gtaaaacgacggccagt-30) and M13R (50-aaagtcgatactggtacaag-30),
and average insert size was estimated by gel electrophoresis.
2.3. End-sequencing of cDNA clones and computer processing
Plasmid DNAs were isolated by the alkaline lysis method, and
were ﬁltered with a Multiscreen NA ﬁlter (Millipore Corp.) to re-
move debris. The cDNA clones were further puriﬁed with the Mul-
tiscreen FB ﬁlter. Both ends of the cDNA clones were sequenced
with the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) and analyzed with a capillary sequencer (ABI3700).
The sequencer output was automatically base-called and vector-
trimmed with the Phred/cross_match program [15]. The resulting
35189 EST sequences were used for further study (Table 1). We re-
fer to the ESTs determined in this study as NIAS ESTs. The nucleo-
tide sequences of the NIAS ESTs are available from DDBJ/EMBL/
GenBank under the accession numbers of DC958040–DC993228.
The overall process of assembling ESTs and predicting open
reading frames (ORFs) is shown in Fig. 1. The NIAS ESTs were
assembled by PASA [16]. The NIAS ESTs, as well as other ESTs
and mRNAs of M. grisea obtained from the public databases (Table
1), were mapped to the latest release of the M. grisea genome
sequence (assembly 6) downloaded from the Broad Institute web
site (http://www.broad.mit.edu/annotation/genome/magnapor-
the_grisea/). To ﬁll gaps between ESTs and to predict ORFs we used
an ab initio gene ﬁnder, GeneZilla [17]. For details of the
annotation and cross-species comparisons, see the Supplemen-
tary data.Table 1
Transcript sequences used for assembly construction.
Data source Total number Mapped to the genome Assembled
NIAS ESTs 35189 33272 28244
INSDa ESTs 53103 37621 19963
INSD mRNAs 204 191 119
a INSD is an international consortium of DDBJ, EMBL, and GenBank (http://
www.insdc.org/).3. Results and discussion
3.1. Validation of gene structures by EST sequences
We obtained both 50 and 30 end sequences of 16368 cDNA
clones, but could only sequence 50 ends of 1627 clones and only
30 ends of 826 clones. As a result we produced 35189 ESTs from
18821 clones in total. The average length was 455 bp, and the
median length was 469 bp. To examine the novelty of the 35189
NIAS ESTs, they were compared with all of the 53103M. grisea ESTs
retrieved from the public databases by BLASTN. Although we used
relatively relaxed cutoff values,P90% identity andP50% coverage,
we found that 17374 (49.4%) of the 35189 NIAS ESTs had no signif-
icant hits. Thus, this result indicates that our cDNA library was en-
riched in novel sequences, which are useful for validation of gene
structures in the M. grisea genome.
We aligned the NIAS ESTs to the supercontigs using PASA, and
33272 (94.6%) of them could be mapped. Furthermore, 14791
mate pairs (29582 ESTs) were mapped within the same contigs.
The lengths of transcribed regions were deﬁned as the distances
between the 50 and 30 distal ends of the ESTs on the same contigs
(Supplementary Fig. S1). The mean length was 1723 bp and the
median length was 1356 bp, while the mean and median genomic
lengths of genes excluding untranslated regions (UTRs) predicted
by the Broad Institute were 1656 bp and 1404 bp, respectively. In
addition, the results of the PCR ampliﬁcation indicated that the
average insert size in the 100 randomly selected clones was
approximately 1.5 kb. Thus, it is likely that the cDNA clones that
we produced represent virtually full-length protein-coding re-
gions. The completeness of the coding regions in the clones will
be discussed later.
Mapping ESTs to the genome is useful to validate computation-
ally predicted protein-coding genes. Since 11043 genes of the
Broad Institute contained purely computational predictions lacking
Table 2
Characteristics of assemblies with complete coding sequence (CDS) and assemblies
with short open reading frames (ORFs). Untranslated regions (UTRs) are included in
loci and exons.
Complete CDS Short ORF
Total number 3891 589
Average locus length (bp) 2116 848
Average transcript length (bp) 1903 763
Average number of exons 2.9 1.6
Average exon length (bp) 651 475




Similarity to known proteins 3432 120
Including InterPro domains 2827 160
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ESTs, we attempted to validate the predictions using our ESTs
mapped to the genome. Computer programs generally predict a
large number of protein-coding regions, but they tend to produce
a signiﬁcant number of errors. For this reason, it is important to
verify whether predicted genes have any evidence of transcript
expression using techniques such as EST mapping. Here, we
decided to focus on accuracy of the exon–intron boundaries deter-
mined by the ab initio predictions. Our mapping of the NIAS ESTs
identiﬁed 17639 splice sites on the genome, and they were com-
pared with 39265 predicted splice sites. We found that 4882
(27.7%) of the splice sites validated by our ESTs were missing from
the predicted splice site data set, and that 1282 of them resided in
the insides of the predicted genes but the others were in the out-
side. These results indicate that a substantial number of exons
were mis-predicted, and that validation by cDNA evidence is there-
fore essential for accurate gene-ﬁnding.
3.2. Assembly of mate pair ESTs
Of the 14791 mate pairs mapped on the same contigs, 2704
pairs could be concatenated only by NIAS ESTs to form a possible
complete gene structure, whereas 12087 pairs remained uncon-
nected between 50 and 30 end sequences on the genome. To ﬁll
the gaps between mate pairs, we used the NIAS ESTs, M. grisea
ESTs, and mRNAs from the public databases, and genes predicted
by GeneZilla (Table 1). Unlike previously published EST assemblies
of M. grisea [7,18], we used M. grisea genes identiﬁed by our EST
mapping as a training data set for the ab initio gene predictions.
Therefore, although the training of a gene prediction program
was time-consuming, our assemblies were expected to be more
accurate than other predictions based on training data sets from
different species. In this assembly process, we found that only
70.8% of previously published ESTs were mapped on the genome,
while up to 94.6% of NIAS ESTs were mapped with our relatively
strict criteria. However, 94.1% of the ESTs in the public databases
showed partial hits to the M. grisea genome with a 61010 E-value
of BLASTN. These partial hits may be due to genomic sequence dif-
ferences of strains.
The EST/mRNA concatenation resulted in generation of 4480
assemblies that included 12499 NIAS EST mate pairs without gaps.
Since the assemblies contained alternative splicing isoforms, they
were clustered into 4155 loci, and 156 of them had one or more
alternative variants in the protein-coding regions. About 39% of
the 156 loci showed large truncation of >100 amino acids in length
(Supplementary Fig. S2). They might be inactivated by alternative
splicing. Of the 4155 loci, 1436 (34.6%) consisted only of NIAS ESTs.
This observation implies that the NIAS ESTs contributed signiﬁ-
cantly to creation of novel gene structures in theM. grisea genome.
We classiﬁed the assemblies into two groups; assemblies with
complete coding sequences (CDSs), and assemblies with short
hypothetical ORFs. The assemblies with complete CDSs were de-
ﬁned as those 100 amino acids in length, with coding regions con-
taining both initiation and stop codons. Note that the gaps
between 50 and 30 ESTs were ﬁlled with genomic DNA in combina-
tion with gene predictions so that the complete CDSs were pre-
dicted. All the other assemblies were deﬁned as short ORF
assemblies. As a result, 3891 assemblies with complete CDSs and
589 assemblies with short ORFs were obtained (Table 2). Although
the structures of 1521 complete CDSs were different between our
EST assemblies and the Broad Institute predictions, functional clas-
siﬁcations suggested by InterProScan [19] were not largely differ-
ent between the two data sets (data not shown). It is noteworthy
that although the UniGene database [20] also provided complete
CDSs of M. grisea, the number of the CDSs was 1643 in UniGene
Build #5, which was much lower than that of our CDSs.Translated complete CDSs were subjected to BLASTP searches
against UniProtKB (release 14.0) and fungi proteins in RefSeq (re-
lease 30). Likewise, the nucleotides of the assemblies with short
ORFs were subjected to BLASTX searches. The cutoff E-value was
1020 for both BLASTP and BLASTX. We discardedM. grisea proteins
from the BLAST hits because almost all were proteins predicted
from the genome. As a result, 3432 (88.2%) of the complete CDSs
and 120 (20.4%) of the short ORFs showed signiﬁcant sequence
similarity. In addition, we used InterProScan to ﬁnd functional do-
mains. The domains were categorized by the Gene Ontology (GO)
hierarchy [21] (Supplementary Table S1). The assemblies with
short ORFs were shorter in length and showed less similarity to
known proteins than the assemblies with complete CDSs (Table
2). The assemblies with short ORFs might be candidates of non-
coding RNA genes.3.3. Comparative protein sequence analysis
Cross-species comparisons can add to the current state of
knowledge about the biological signiﬁcance of sequence evolu-
tion. It is known that protein lengths vary among species [22].
Thus, to investigate protein length differences during the evolu-
tion of fungi, we aligned the translated M. grisea CDSs with those
of protein sequences of two related species, Neurospora crassa
and Saccharomyces cerevisiae (See Supplementary data). We ob-
tained 2804 orthologs and their alignments for N. crassa, and
1388 for S. cerevisiae. The distributions of the length differences
in N- and C-terminals indicate that almost all terminals of M. gri-
sea proteins were comparable in length to corresponding orthol-
ogous proteins (Fig. 2). In addition, the total protein lengths were
also similar (Supplementary Fig. S3). Hence, the evolution of
protein structures of fungi appears to be conservative, rather
than drastic.
Another point is the completeness of our cDNA clones. The sim-
ilar N-terminal lengths indicate that the clones that we sampled
were not truncated. To further support this idea, we compared
the M. grisea CDSs with non-fragment proteins in SwissProt (re-
lease 14.0) of UniProtKB. We performed BLASTP searches with cut-
off identity of 50%, and compared the N-terminals with those of the
top hits. As a result, 1125 of 3891 complete CDSs showed similarity
to database proteins, and the N-terminals of 981 (87.2%) CDSs were
the same or longer than those of database proteins. We also com-
pared a gene structure of our data set with a well-documented
gene structure of SUM1 [23] as an example, and found that the 50
end of the gene was elongated (Supplementary Fig. S4). These re-
sults suggest that our cDNA clones substantially covered entire




































Fig. 2. Differences in protein lengths of orthologs between Magnaporthe grisea and
(A) Neurospora crassa, or (B) Saccharomyces cerevisiae. Positive values indicate that
N-terminal or C-terminal lengths exceed those of M. grisea proteins.
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studies.
3.4. Database access and cDNA clone availability
All data of our EST sequences and predicted CDSs were inte-
grated into a database, and are accessible through a widely used
genome viewer, GBrowse [24] at http://www.mg.dna.affrc.go.jp/
(Supplementary Fig. S5). Users can search the database with key-
words about gene functions, domain names, GO terms, and so on.
Sequences entered by the user can be aligned to the NIAS ESTs
and predicted genes through the BLAST search web service. Each
page of NIAS ESTs contains a link to the cDNA clone ordering form
for the Rice Genome Research Center so that users can request
clones of interest.
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